Abstract Crop disease not only threatens global food security by reducing crop production at a time of growing demand, but also contributes to greenhouse gas (GHG) emissions by reducing efficiency of N fertiliser use and farm operations and by driving land use change. GHG emissions associated with adoption of reduced tillage, organic and integrated systems of field crop production across the UK and selected regions are compared with emissions from conventional arable farming to assess their potential for climate change mitigation. The reduced tillage system demonstrated a modest (<20%) reduction in emissions in all cases, although in practice it may not be suitable for all soils and it is likely to cause problems with control of diseases spread on crop debris. There were substantial increases in GHG emissions associated with the organic and integrated systems at national level, principally due to soil organic carbon losses from land use change. At a regional level the integrated system shows the potential to deliver significant emission reductions. These results indicate that the conventional crop production system, coupled to reduced tillage cultivation where appropriate, is generally the best for producing high yields to minimise greenhouse gas emissions and contribute to global food security, although there may be scope for use of the integrated system on a regional basis. The control of crop disease will continue to have an essential role in both maintaining productivity and decreasing GHG emissions.
Introduction
Crop diseases directly threaten global food security by reducing food production Oerke 2006) in a world where more than 1 billion people currently do not have sufficient food (Anonymous 2009a) . Since effects of diseases mean that there is less food to eat due to crop losses there is a need to increase food production by controlling crop diseases more effectively. Whilst the food security problems associated with crop diseases are now being made more acute by climate change (Garrett et al. 2006) , the increasing world population will further increase the demand for food (Beddington 2010) .
At a global scale climate change has already been linked to recent wheat and maize yield losses (Lobell et al. 2011 ) and has been cited as a probable factor in stagnation of cereal yields in France over the past decade (Brisson et al. 2010) . In Denmark a similar stagnation in cereal yields has been linked to reduced use of fungicides and fertilisers, alongside increasing adoption of reduced tillage (Petersen et al. 2010) . The importance of including crop diseases in climate change impact assessments is often ignored (Boonekamp 2011) . Climate change may increase the severity and range of existing crop diseases or lead to the introduction of new diseases (Evans et al. 2008; West et al. 2012a ). The threats of climate change to food security are particularly severe for farmers in the developing world (Schmidhuber and Tubiello 2007) and an expansion of arable land area in these regions would be expected to increase GHG emissions significantly (Carlton et al. 2010) .
As a result of these threats, there will be pressure on farmers in the developed world, and especially in regions that may benefit from climate change such as northern Europe , to maintain current production and to produce more food to safeguard global food security (Mahmuti et al. 2009 ). To do this, it will be essential to incorporate methods to control existing and new disease problems into strategies for adaptation to impacts of climate change (Evans et al. 2008; Gregory et al. 2009; Barnes et al. 2010; West et al. 2012b) .
Together with the requirement to maintain or increase food production in countries such as the UK, it is also essential to grow crops in such a way as to decrease emissions of greenhouse gases (GHG) as a contribution to climate change mitigation. The UK Climate Change Act (2008) sets a UK greenhouse gas emissions reduction target of 80% by 2050, based on 1990 levels. In 2008 agriculture accounted for 7.7% of UK GHG emissions (48 Mt CO 2 -e; DECC 2010) and these were primarily in the non-CO 2 sector. As part of the overall 80% emissions reduction strategy, the (UK) Committee on Climate Change is setting a target of a 70% reduction (51% against current agricultural emissions) in the non-CO 2 sector by 2050 (Committee on Climate Change 2010) and has identified technical abatement potentials for agriculture of 5-12 Mt CO 2 -e, achievable by 2020. However, the Department of Energy and Climate Change (DECC) has projected somewhat smaller short-term agricultural emission reductions (4% on 2008 emissions; DECC 2010). Even if the more optimistic technical abatement potential is realised, there is still a significant shortfall from the 2050 target.
The major agricultural greenhouse gases are nitrous oxide (N 2 O) and methane (CH 4 ). In the UK, nitrous oxide is the more important, accounting for more than half of agricultural emissions (DECC 2010) . To decrease the contribution of agriculture to global warming, there are many possible options . These include decreasing the use of fossil fuels and nitrogen fertilisers (and consequential production of N 2 O), decreasing methane emissions from livestock, and increasing the sequestration of carbon from the atmosphere (Glendining et al. 2009 ). There is considerable debate about whether the optimal way to decrease GHG whilst maintaining food production is through use of organic or conventional systems of crop production, including disease control. Measures that reduce crop yields (e.g. reduced use of fungicides and N fertilisers) are likely to result in an overall increase in GHG emissions due to an expansion of land under cultivation Burney et al. 2010; Carlton et al. 2010) , although certain soil fertility management practices associated with organic crop farming have the potential to sequester soil organic carbon in long-term arable land (Azeez 2009 ) and a reduction in inputs has also been linked to decreased emissions (Lin et al. 2011) . This paper addresses this debate by describing work that compares GHG emissions from UK field crop production under selected arable systems with reference to soil fertility and disease control.
Methods

Different cropping systems used for comparison of GHG emissions
This paper compares the annual GHG emissions from UK arable production under the conventional (current) crop production system with the emissions predicted assuming nationwide adoption of reduced tillage, organic or integrated arable systems whilst maintaining current crop production.
The conventional arable system reflects current arable production in the UK with figures based on 2005-2009 averages (unless otherwise stated). Covering a mixture of arable systems, it is largely dominated by relatively intensive crop production that aims to optimise production. This involves use of synthetic fertilisers to improve soil fertility and use of synthetic crop protection products to control weeds, pests and diseases. Diseases are controlled by a combination of breeding crop cultivars for resistance to the causal pathogens, cultural practices such as crop rotation, and use of fungicides (Hughes et al. 2011 ). Under such a system, crops such as oilseed rape and wheat typically receive two or three fungicide applications per cropping season. For cereals, fungicide applications focus on protecting the uppermost leaves, which contribute most to the grain yield. For oilseed rape, some fungicides are applied in the autumn and winter against leaf and stem infecting pathogens such as Leptosphaeria maculans and Pyrenopeziza brassicae, while in many locations additional fungicide applications are made at flowering against Sclerotinia sclerotiorum. This use of fungicides occurs despite disease resistance being a component of cultivar selection for both cereals and oilseed rape, because no cultivar is completely resistant to all diseases. While a significant proportion (27%) of UK arable land is not in crop production in any given year, cropping intensities are much greater (>90%) in the more productive areas (e.g. East of England region). Land use, inputs (fertiliser, fungicide and other crop protection products) and production figures are derived from Defra ( , 2009a data.
The reduced tillage arable system is similar to conventional crop production with the exception that reduced tillage methods are adopted wherever practical. It is assumed that reduced tillage approaches are not employed for crops requiring considerable soil cultivation, such as potatoes, sugar beet or a number of smaller crops grouped together for the purposes of this paper as 'other crops' including several vegetables requiring intensive mechanical cultivation (e.g. carrots, parsnips, onions). Whilst methods of crop disease control used are similar to those in the conventional system, crop debris on the soil surface can provide a potent source of air-borne pathogen inoculum to start disease epidemics in autumn (West and Fitt 2005; Fitt et al. 2006) and it is more difficult to effectively control diseases in this system, even with increased use of fungicides. Reduced tillage also has the potential to make weed control more difficult and it is assumed that herbicide usage is increased by a nominal 50% to compensate for this. Land use, inputs (other than herbicides) and production figures are assumed to be identical to those of conventional crop production. Emissions associated with cultivation are reduced in order to reflect reduced operations. Reduced cultivation is also assumed to augment soil organic carbon (SOC, Smith et al. 2008) .
The organic arable system assumes that there are no applications of synthetic crop protection products or synthetic fertilisers. Fertility-enhancing periods are included in the crop rotations and are assumed to account for 50% of the croppable land in the UK and in the North West region; and 25% of the croppable land in the East of England region. These periods can contribute to control of many diseases with epidemics started by inoculum produced on crop debris, such phoma stem canker of oilseed rape. Less intensive rotations help to reduce the build-up of inoculum and lengthy fertility-enhancing periods allow for more complete microbial degradation of the inoculum in the soil (West et al. 2001) . Disease is primarily achieved through cultivar resistance (Lampkin et al. 2008) . Inputs such as sulphur are rarely employed (Lampkin et al. 2008) and are not accounted for in the calculations. Crop yields are based on data reported for England and Wales in 2006 (Jones and Crane 2008) . Land use change from pasture to arable is envisaged in order to maintain overall crop production at its current level.
Under the organic system the average annual maximum available N is assumed to be 100 kg N ha -1 (derived from data in Rayns et al. 2009 ) during crop production periods of the rotation (i.e. over 3 years). It is assumed that 14 tN is made available in grass/clover leys each year through the application of farm-yard manure (FYM) (Berry et al. 2002) . The two main factors affecting yields in organic crop production are reduced availability of nitrogen (Berry et al. 2002) and the absence of fungicides plus other synthetic crop protection products. It was assumed that these two factors are of approximately equal weight and that for those crops where N is not considered to be limiting (sugar beet, peas and beans) organic yields are closer to conventional yields. Fertility enhancing rotations and use of organic manures are assumed to augment soil organic carbon on long-term arable land (Azeez 2009 ). Land use change (LUC) is assumed to deplete soil organic carbon (Carlton et al. 2010) .
The integrated crop production system integrates the high yields of conventional crop production with the SOC sequestration of organic crop production, employing fertility enhancing rotations and use of organic manure to augment soil organic carbon, but allowing use of additional synthetic fertilisers, fungicides for disease control and other crop protection products to achieve conventional crop yields. Land use change from pasture to arable is envisaged to maintain current levels of production. Azeez (2009) indicates that where organic and non-organic farms share similar rotations and use of organic manures, little difference in SOC has been be observed. For this reason, the impacts of integrated crop production on soil organic carbon are assumed to be the equivalent to those of the organic system.
Calculation method
The approach taken involves eight steps to ascertain the emissions that would be expected to follow nationwide adoption of each given agricultural practice.
1. Determination of current UK field crop production, the area under crops and area currently suitable for cropping (croppable area). 2. Determination of area of arable land needed under each agricultural system to maintain current UK field crop production. 3. Determination of the area of pasture that would need to be converted to arable land under each agricultural system to maintain current UK field crop production (it is assumed that yields on converted pasture would equal conventional yields). 4. Calculation of crop specific emissions (carbon footprints) under each agricultural system. 5. Calculation of the total emissions associated with crop cultivation under each agricultural system. 6. Determination of impact of the agricultural system on SOC balance on long-term arable land. 7. Determination of the impact of LUC on SOC balance on the areas of pasture converted to arable land. 8. Addition of crop specific emissions (4), soil carbon sequestration (6) and soil carbon emissions (7).
Crop production and area data (step 1) The two factors that influence the area under each crop for a given system are the crop yield and cropping intensity. The yield ratios are given as a proportion of conventional yields. Yields under conventional, reduced tillage and integrated crop production were assumed to be equal (ratio01) as all three systems allow the use of synthetic fertilisers and all registered crop protection products. Where data were available, organic crop yields were based on 2006 values from Jones and Crane (2008) , with the exception of sugar beet. In the case of sugar beet, their data indicate that organic yields are greater than conventional yields but they are based on a very small sample and are not considered to be reliable (Jones and Crane 2008) . Average applications of N fertilisers to sugar beet and 'other crops' are relatively small (<100 kg N ha
; DEFRA 2009b) and close to the expected range of available N concentrations under organic crop production, so availability of N may not be a major yield limiting factor under organic production. Since this has similarities to pea and bean crops, which have an organic/conventional yield ratio of 0.83 (Jones and Crane 2008) , this yield ratio is assumed for sugar beet and 'other crops'. In other cases, where there are no reliable yield data for a crop, the organic/ conventional yield ratio is assumed to be 0.7 (organic yield00.7 × conventional yield).
The area for a given crop associated with a system was calculated using the following formula:
where ICA AS is the individual crop area for the agricultural system in question, ICA CF is the individual crop area under conventional crop production, and ICYR AS is the individual crop yield ratio for that crop under the agricultural system in question. The yields ratios are given in Tables 2 (UK), 5 (East of England region) and 6 (North West region).
Cropping intensity is the proportion of arable land under a crop each year. This was determined for conventional crop production from DEFRA data (DEFRA 2009b) . Cropping intensities for conventional crop production are 73% (UK), 93% (East of England region) and 53% (North West region). Cropping intensity for reduced tillage crop production was assumed to be equal to that of conventional crop production. Cropping intensities under organic practice are typically less than those under conventional crop production, since organic rotations include fertility building periods where the land is under grass and/or clover (grass/clover leys). Organic cropping intensities were assumed to be 50% (UK and North West region) and 75% (East of England region) based on organic practice (Lampkin et al. 2008) . Cropping intensities of integrated and organic crop production were assumed to be the same.
The area of arable land that is not under crops in conventional crop production was obtained from DEFRA statistics (DEFRA 2009b ) and the corresponding area under reduced tillage crop production was assumed to be the same. The area of arable land that is not under crops under organic crop production and integrated crop production is calculated using the following formula:
where NCA AS is the area of the specific agricultural system which is not cropped each year, ICA AS s are the areas of the individual crops under the specific agricultural system, and CIR AS is the cropping intensity ratio for that agricultural system. The overall area for a specific agricultural system is calculated using the following formula:
where AA AS is the arable area under the agricultural system, WA AS is the area under wheat, BA AS is the area under barley, OA AS is the area under oats, SBA AS is the area under sugar beet, OsrA AS is the area under oil seed rape, PA AS , is the area under potatoes, and NCA AS is the area that is not cropped each year under that system. The additional area needed to maintain current production under a given agricultural system is calculated by subtracting the conventional crop production arable area from the calculated arable area for the given agricultural system. Calculations of crop specific, short-term pasture and grass/clover ley GHG emissions (step 4) A carbon footprint has been determined for major UK crops on a per-hectare basis following the approach of Berry et al. (2008) . Manufacturing costs (inputs plus equipment) are included in order to generate life cycle (cradle to farm gate) emissions. Input data and emission factors are given in Appendix 1. Background N 2 O emissions are excluded following the approaches adopted by Berry et al. (2008) , Mahmuti et al. (2009) and Hughes et al. (2011) .
Emissions associated with soil organic carbon are omitted from the crop specific emission calculations but are accounted for in steps 6 and 7.
Calculation of total crop, short-term pasture and grass/clover ley GHG emissions (step 5) For a given agricultural system, the GHG emissions for each crop are calculated by multiplying the crop specific emissions by the area under the crop. The GHG emissions for the non-crop cover (grass and grass/clover leys) are calculated by
where AE AS is the total emissions from the agricultural system, ICE AS is the emissions for each of the various crops, and A AS is the area of each crop.
Calculation of SOC impacts (steps 6 and 7)
Pastures typically have greater levels of SOC than neighbouring arable land and cultivation of pasture is associated with depletion of SOC (Carlton et al. 2010; Guo and Gifford 2002; Smith 2008; Smith et al. 2008 Smith et al. , 2010 . Some arable practices, including fertilitybuilding rotations, application of farmyard manure and avoidance of tillage, have been shown to increase levels of SOC in long-term arable land (Azeez 2009; Smith et al. 2008 ). Since the rates of carbon sequestration or depletion associated with a management practice are not linear, the factors used are given on an annual mean basis, using information for the first 20 years following introduction of a practice.
Organic management practices and reduced tillage were assumed to augment SOC levels on pre-existing arable land. Where it was determined that additional arable land would be required to maintain conventional levels of production, it was assumed that long-term pasture would be converted to arable land with consequential depletion of SOC (Table 1) .
To calculate the impact of SOC changes, the relevant factor for each practice was multiplied by the corresponding land area. For example, under organic practice pre-existing arable land was assumed to gain 0.56 tC ha −1 year −1 whilst pasture converted to arable land was assumed to lose 1.8 tC ha
Calculation of overall GHG emissions associated with each agricultural system (step 8)
Total emissions were calculated by summing the crop, non-crop and SOC carbon fluxes.
Results
Calculations of GHG for the UK for each system
The arable area needed to maintain average UK arable crop production is influenced by crop yields and cropping intensity. The total average UK arable area is currently greater than 6 Mha (Table 2) , with a cropping intensity of 72% (i.e. in any year 72% of the arable area is planted with cash crops). To maintain conventional levels of production, the arable areas needed under the integrated system and the organic system were considerably greater than that needed under conventional crop production. In the case of the integrated system the area under each crop was unchanged, since there is no impact on yields. However, the adoption of a 50% fertility-enhancing rotation increased the arable area by 2.7 Mha. The area of organic arable land was more than double the conventional arable area as a result of the combined impact of smaller yields, which increased the area under crops by 1.9 Mha, and the adoption of a 50% fertility enhancing rotation, which increased the area from 6 to more than 12 M ha. The GHG emissions associated with conventional wheat, barley and oilseed rape (Table 3) were similar to published figures (Berry et al. 2008; Mahmuti et al. 2009; Carlton et al. 2010; Hughes et al. 2011) . In most conventional crops, synthetic N fertiliser manufacture is the largest single component, contributing between 20% and 40% of emissions. Peas and beans are an exception since they derive N from associated nitrogen fixating bacteria. Emissions from reduced tillage crop production were slightly less than those from conventional production since costs associated with tillage (diesel and equipment) were less in cereals, oilseed rape, peas and beans. For those crops that are unsuitable for reduced tillage, cultivation emissions were identical to those from conventional systems.
When determined on a per-hectare basis, integrated crop-specific emission figures were generally less than the corresponding conventional crop figures since the fertility-enhancing rotations reduced the need for synthetic fertiliser; decreasing fertiliser production GHG emissions. For the same reason, organic cropspecific emissions were generally the smallest since no synthetic N fertilisers are used. Peas and beans were an exception, since emission costs associated with use of N fertilisers in these crops are small, and application of lime, with corresponding in-field CO 2 emissions, is more intensive under organic management systems.
Conventional, reduced tillage and integrated crop production systems had identical areas under each crop, and relatively small differences in crop related emissions, resulting in similar overall emissions from crop cultivation (Table 4) . Although organic crop specific emissions were generally the smallest on a perhectare basis, the area under organic crops was greater than under other systems, resulting in the greatest total crop emissions.
Changes in SOC have considerable potential to influence emissions, as demonstrated by the combined impact of total crop emissions, SOC sequestration on long-term arable land, and SOC depletion on converted pasture (Table 4) . No SOC effects were assumed for conventional crop production, and all emissions were related to crops. Reduced tillage crop production had slightly smaller emissions, principally due to SOC sequestration. Integrated crop production had a greater reduction in crop specific emissions, due to reduced need for synthetic N fertiliser. There was a large impact from SOC sequestration on existing arable land but an even larger impact from SOC depletion due to the conversion of 2,700 ha pasture to arable land. When combined, the SOC changes result in net increases in emissions. Net emissions from SOC are considerably greater under organic production because the rate of SOC depletion is more than four times greater than the SOC sequestration rate, although the areas of long-term arable land and converted pasture were roughly equal,. Under conventional production, N fertilisers (manufacture and soil emissions) account for 66% of emissions with another 20% from operations (Fig. 1a) . Emissions associated with manufacture of N fertilisers are smaller under integrated production, although this is more than compensated for by the additional net SOC change emissions (Fig. 1b) . Under the organic management system, there are no emissions from N fertiliser manufacture and SOC change is the largest source, accounting for 64% of emissions (Fig. 1c) . The proportions of emissions from other sources are reduced, although in absolute terms organic N 2 O emissions are similar to those of conventional crop production and operating emissions are 85% greater.
The overall impact on crop emissions and changes in SOC (Fig. 2) suggest that reduced tillage produces slightly smaller emissions than conventional crop production. Emissions associated with UK wide adoption of organic crop production are approximately three times greater than those of conventional crop production, principally as a result of SOC depletion associated with land use Fig. 1 The components of GHG emissions for UK crop production under conventional (a), integrated (b) and organic (c) agricultural systems. The size of each pie chart represents the size of emissions under each system. The reduced tillage system is omitted as the SOC change represents a net sequestration and it is not possible to illustrate this on a pie chart Fig. 2 UK GHG emissions for conventional, reduced tillage, organic and integrated agricultural systems required to maintain current 5 year average crop production change. The same factor has an impact on integrated crop production, although the impact of land use change is smaller and the sequestration benefits on long-term arable land compensate for much of the SOC depletion.
Comparison of the East of England region and North West region
The average arable area of the East of England region is greater than 1 Mha (Table 5) , 94% of which is under cash crops each year. Assuming a 75% cropping intensity under integrated and organic systems, the areas needed to maintain production would be increased by 24% and 85% respectively. The overall emissions (Fig. 3) indicate that emissions from organic crop production in the East of England region would be more than double the emissions from conventional crop production. Both reduced tillage crop production and integrated crop production (the SOC benefits on long-term arable land were greater than the losses associated with conversion of pasture) show a small reduction in emissions.
The total average North West region arable area is slightly less than 200,000 ha (Table 6) , with a cropping intensity of 53%. The areas needed to maintain current production would be, respectively, 11,000 ha or 62,000 ha larger under integrated crop production or organic crop production. However, the calculations indicate that emissions from organic crop production in the North West region would be almost 30% smaller than the emissions from conventional crop production, principally due to SOC sequestration which, in this case, is greater than SOC depletion (Fig. 4) . Reduced tillage crop production also showed a small reduction in emissions. The largest reduction was for integrated crop production since there was little need for pasture conversion, thus minimising SOC depletion whilst gaining the full benefit of SOC sequestration. This analysis suggests that adoption of an integrated system of crop production could decrease emissions by more than 80% in the North West region.
The East of England region analysis suggests that GHG emissions from integrated crop production would be slightly smaller than emissions from conventional production. The integrated production cropping intensity is assumed to be greater (75%) so, unlike the UK- Fig. 3 East of England GHG emissions for conventional, reduced tillage, organic and integrated agricultural systems required to maintain current (5 year average) crop production wide analysis, there is little scope to increase this parameter. Furthermore, the high cropping intensity does raise questions about whether sufficient FYM would be available and whether the default SOC sequestration rate would be achievable. Therefore, this result should be treated with caution. The same issues affect organic production, which already appears to be at a distinct emissions disadvantage based on the default analysis. Reduced tillage production does show a benefit and is appropriate for more than 80% of the crops by area. Since the uncertainties concerning N 2 O emissions are likely to be of less significance given the warmer drier conditions associated with this region, these results suggest that uptake of this system of crop husbandry in the region would be beneficial.
The North West region analysis shows a benefit for all three alternative systems over conventional crop production. Integrated crop production appears to deliver the most significant emission benefits. However, this result should be treated with caution because a high proportion of arable land in the region is usually under short-term pasture, fallow or mixed farming (arable plus livestock). Thus, the rate of SOC sequestration under integrated (and organic) production may be overestimated. Organic production shows smaller GHG emissions than both conventional and reduced tillage production, principally due to the low conventional cropping intensity in the region combined with the SOC benefits, although the caveat raised above in relation to integrated production also applies. It is also questionable whether reduced tillage is suitable throughout the region, given the relatively high rainfall, which increases the risk of N 2 O emissions; thus this system may offer little real advantage over conventional production.
Sensitivity analysis (UK calculations)
There are four uncertain factors that have a large impact on the results of these analyses. These are the cropping intensity, the rate of SOC depletion on conversion of pasture to arable land, the rate of SOC sequestration on long-term arable land under organic and integrated systems, and the yield ratio between organic and conventional cropping systems. Cropping intensity under organic systems reflects the need to increase soil nitrogen through fertility-enhancing periods that reduce cropping intensities. While a 50% cropping intensity is assumed (i.e. 50% of land is under fertility-enhancing periods), the cropping intensity could be increased if shorter fertility-enhancing periods were able to generate sufficient available N.
Were a cropping intensity of 66% (4 years of crops and 2 years of grass/clover leys) to be assumed, with all other variables unchanged, analysis indicates that UK emissions from organic and integrated arable production would be 155% and 28% of conventional arable emissions, respectively. While organic crop production continues to have increased emissions, under these conditions integrated crop production shows a major emissions advantage over conventional production. However, it should be noted that these figures assume that SOC sequestration remains constant irrespective of cropping intensity. Assuming that a simple arithmetic relationship can be applied to SOC depletion rates and SOC sequestration rates (Table 1) , there was a depletion rate of 1.8 t C ha −1 year −1 associated with pasture to arable conversion under organic and integrated crop production. However, Kirchmann et al. (2007) found that, after conversion of grassland to organic or conventional mixed farming in Sweden, SOC losses under organic management were less than half the corresponding losses from conventional management. Were a similar relationship to be found in the UK, the emissions assumed would be an over-estimate and the emissions associated with LUC in under the organic and integrated systems would be smaller. Assuming all other factors remain constant, at an SOC depletion rate of 1.38 tC ha −1 year −1 the GHG emissions from integrated crop production would be equivalent to those of conventional crop production; were the rate of depletion to be any smaller, integrated crop production would have a net emissions advantage. To match conventional system GHG emissions under the organic system, the SOC depletion rate would have to be reduced to 0.45 tC ha −1 year −1 .
Changing the assumed rate of SOC sequestration has a smaller impact on the results. At a 50% cropping intensity, a sequestration rate of 2 tC ha −1 year −1
would be necessary to bring the organic emissions close to conventional emissions and at 66% cropping intensity the equivalent figure is 0.94 tC ha −1 year −1 .
The same calculation for integrated crop production indicates a sequestration rate of 0.75 tC ha −1 year −1 is needed to match conventional production, assuming a 50% cropping intensity. However, at a 66% cropping intensity integrated production has smaller emissions than conventional production and the sequestration rate could be <0.05 tC ha −1 year −1 and still deliver a benefit in terms of decreased emissions. The organic/conventional cropping yield ratios are based on a single year and it is possible that these are unrepresentative and underestimate the productivity of organic systems. Furthermore, the disparity between organic and conventional yields could diminish with improved organic cultivars and agronomic practices. If the organic/conventional yield ratio changed from the given range (Table 2) to 0.85 for all crops, GHG emissions associated with organic production would be reduced by 37%, although these GHG emissions would still be the largest amongst the four systems investigated. To match the emissions associated with the integrated system, organic yields would need to be more than 95% of conventional yields with no corresponding increase in soil nitrogen concentrations and N 2 O emissions.
Feasibility and uncertainties
Nationwide adoption of organic crop production combined with maintenance of current total UK production is clearly unfeasible since there is insufficient suitable land to double the current arable land area. Even at the higher (66%) cropping intensity investigated in the sensitivity analysis, this would require an additional 3,400 ha of arable land. National adoption of integrated crop production based on the default assumptions would require a 48% expansion in arable land, which is also unrealistic. At a 66% cropping intensity, integrated crop production would require an additional 0.6 Mha of arable land, the overall area being similar to the UK arable area in 1990 (FAOSTAT 2012) . While some of the arable land lost since 1990 may not be available for re-cultivation, the area of long-term pasture has increased by 0.6 Mha since 2000 (FAOSTAT 2011) suggesting that conversion of this area to arable land could be feasible. Furthermore, if the pasture used has only recently been converted from arable land this would engender smaller SOC losses than conversion of long-term, permanent pasture, because it takes many decades for SOC to accumulate after conversion from arable land (Smith 2008) .
The three main factors contributing to SOC sequestration are fertility-enhancing grass/clover leys, use of composted manure (FYM is the most common type) and use of plant based organic manure (Azeez 2009 ). However, the latter has a relatively small impact on soil organic matter (Raupp and Oltmanns 2006) ; stockless organic systems that rely on plant-based organic manures tend to have lower SOC concentrations than mixed organic farms (Azeez 2009 ). These findings suggest that the fertility-enhancing periods and use of FYM are the more important components associated with SOC sequestration.
One uncertainty is whether the SOC benefits determined by Azeez (2009) could be attained with shorter fertility-enhancing periods than the 3 years of grass/ clover leys in a 6 year rotation assumed. While the role of fertility-enhancing in organic rotations is principally to augment soil N, in the integrated system this is less important because synthetic fertilisers can be used. As a result, the importance of fertility-enhancing periods under integrated crop production is in the SOC sequestration potential. The sensitivity analysis indicated that this system could produce a net-emission benefit with a tenfold reduction in SOC sequestration. Therefore, long fertility-enhancing periods are probably not critical to integrated crop production and a 66% cropping intensity is likely to be both feasible and to deliver an emission benefit.
Another uncertainty is whether crop production based on an average cropping intensity of 66% could provide sufficient FYM in all regions. The application of farmyard manure to all arable land would require livestock production in all regions (assuming long distance transport of FYM is impractical) and grass/ clover leys would generate grazing land for livestock (the emissions associated with livestock grazing are not considered in this paper). An overall 66% cropping intensity scenario would continue to include a range of cropping intensities and grazing land would continue to be limited in the parts of the country (e.g. in the East of England region if a 75% cropping intensity was adopted there). This would not necessarily be a limitation if pasture grazing was supplemented by sufficient alternative feedstock, assuming that this could be supplied with no further increase to the arable area.
It is not clear what impact conversion of longterm pasture to arable land would have on livestock farming. Both the organic and the integrated scenarios assume not only large-scale expansion of croppable area in place of long-term pasture but also an increase in the area of short-term grassland. While the total area of grassland would remain constant (integrated) or be slightly reduced (organic), it is possible that short-term pasture could become more productive in terms of grazing due to improved management practices. In this case, there would be less need for supplementary feed for livestock, reducing both the area under crops and the overall emissions, although this would be unlikely to have a significant impact on gross emissions.
It was assumed that there are no SOC related emissions from long-term arable land. While agricultural intensification in the UK started in the 1940s, the longterm impact of these changes on SOC may still be occurring . The UK 2009 greenhouse gas inventory (DECC 2011) indicates 0.4 Mt CO 2 -e emissions from remaining cropland which is not accounted for here. However, inclusion of this figure would have a negligible impact on the outcome of this work.
Discussion
This analysis suggests that conventional farming, plus reduced tillage cultivation where appropriate, can best contribute to the achievement of government GHG emissions targets by 2020 (Committee on Climate Change 2010). These include the use of cultural practices, disease-resistant crop cultivars and fungicides to control diseases and increase yields. It has been estimated that disease control by fungicides on wheat, barley and oilseed rape saves more than 1.5 Mt CO 2 -e emissions each cropping season ( Fig. 5 ; Hughes et al. 2011 ).
This saving is associated with increased yield and therefore better use of N fertiliser per t of crop produced. Furthermore such disease control not only contributes to climate change mitigation but also to global food security (Mahmuti et al. 2009 ), given the need to increase food production in areas such as northern Europe that may benefit from climate change (Beddington 2010; Butterworth et al. 2010 ) to avoid starvation in other areas of the world that may suffer worse food insecurity as a result of climate change (Schmidhuber and Tubiello 2007; Stern 2007) . There is thus a need to develop strategies for adaptation to climate change that include improved disease control to decrease waste and increase yields, through development of more effective fungicides and crop cultivars with improved resistance that can operate at higher temperatures against the pathogens that are likely to be most important (Oerke 2006; Evans et al. 2008; Barnes et al. 2010; Fitt et al. 2011; West et al. 2012a) .
The analysis indicates that there is relatively limited scope to reduce agricultural emissions through nationwide adoption of either organic or integrated systems in place of the conventional system. However, this conclusion is sensitive to the defaults used in the analysis and it is possible that the integrated system may have potential to significantly reduce GHG emissions.
Widespread adoption of the reduced tillage system has the potential to deliver a moderate benefit (15% reduction in emissions). While the benefit would contribute to emission reduction targets over the next 10 years, it could provide only a part of long-term emissions reductions. Reduced tillage can also reduce soil water losses (Smith 2008; Smyth et al. 2011) and this is likely to be increasingly important in the south and east of England where drier summers are predicted as a result of climate change (UKCP 2009 ). This practice may not be suitable in all conditions so UKwide adoption is unlikely. Under wet conditions and in poorly drained soils, the risk of N 2 O emissions increases (Smith et al. 2001 ) and this source of GHG emissions could easily outweigh the SOC benefits. Furthermore, if reduced tillage were not adopted throughout the rotation cycle (i.e. for all crops) the sequestration benefits accrued during cultivation of reduced tillage crops could be largely lost during cultivation of crops when conventional tillage would be employed, resulting in little or no net benefit through a complete rotation cycle (Smith et al. 1998) . The reduced tillage system is also likely to increase the severity of disease epidemics since many arable crop diseases in Europe are started in autumn by inoculum produced on crop debris (Fitt et al. 2006) , with potential decreases in yield and crop production unless fungicide use is increased. Another potential disadvantage of reduced tillage is that weed control may be decreased, even with increased use of herbicide. In Canada, where reduced tillage is in widespread use in crops such as spring oilseed rape (Smyth et al. 2011) , this is usually associated with herbicide-tolerant cultivars, which aids weed control. In the UK, herbicide-tolerant crop cultivars are not widely available and current authorisations for some herbicides may be cancelled following implementation of regulation EC 1107/2009 (PSD 2009); thus weeds such as black grass in cereals could present an increased threat to yields were reduced tillage to be widely adopted although agronomic management strategies may be developed to address this.
The results of this work indicate that widespread adoption of the organic crop production system cannot maintain current crop production without substantial Results for winter wheat are based on Berry et al. (2008) . Results for winter oilseed rape are based on Mahmuti et al. (2009) . Adapted from Hughes et al. (2011) increases in GHG emissions. National adoption of the organic system in the UK would require a doubling of arable land to maintain production. Were this a practical proposition, >6 Mha of pasture (or forest) would need to be converted to arable land in order to maintain production levels and this would entail very large emissions from SOC depletion. It is notable that even when SOC changes are excluded, the overall organic crop system GHG emissions are slightly greater than those of the conventional system, despite the small individual crop-specific emissions per ha. Furthermore, even it were feasible, such a major change of land use would decrease areas available as habitats for wildlife and reduce biodiversity. Emissions associated with conversion of pasture in the UK are very large (Carlton et al. 2010) and have a major impact on this analysis. Thus, management systems that decrease productivity per ha and lead to expansion of the arable area, either through reduced yields or through reduced cropping intensity, increase overall GHG emissions. The relationship between crop yields and GHG emissions has been investigated (Burney et al. 2010; Carlton et al. 2010) , specifically with reference to fungicides in wheat (Berry et al. 2008 , oilseed rape (Mahmuti et al. 2009 ) and barley (Hughes et al. 2011) . The absence of fungicides in the organic system would not only increase GHG emissions through the resulting decrease in yield but also increase amounts of pathogen inoculum available to start epidemics in successive cropping seasons (West et al. 2001) , since neither crop rotation nor disease-resistant cultivars currently provide complete control of crop diseases in the UK. This study may underestimate the current organic to conventional yield ratios, and higher ratios for a number of developed countries have been reported (Badgley et al. 2007 ). Furthermore, development of higher yielding organic crop cultivars is possible. However, the sensitivity analysis indicates that organic yields would need to be similar to conventional yields to match the emissions of the integrated crop production system, and such a yield improvement would need to be combined with relatively short fertility-building periods to reduce the emissions to a figure close to that of the conventional system. Overall, therefore, there were no feasible parameters that allowed organic crop production to match any of the other systems on the basis of GHG emissions, given the reported rates of GHG emissions associated with SOC depletion following conversion of pasture to arable land. However, this conclusion is specific to the UK and whilst it may be relevant to countries with similar agriculture it does not follow that the role of organic farming is similarly limited in developing countries. Adoption of organic farming in regions such as sub-Saharan Africa may improve food security at a local level (Halberg et al. 2006) and organic practice has the capacity to increase conventional yields by more than 150% in developing countries (Badgley et al. 2007) .
The integrated crop production system may offer emissions benefits at national level, although this would require further research on the relationship between SOC sequestration and cropping intensity. A further factor that could favour adoption of integrated crop production would be benefits to soil structure. Improved soil structure stability resulting from increased soil organic matter would be expected to improve crop yields (Low 1973 , Lal 2004 ) and may also reduce N 2 O emissions by improving drainage. However, applications of FYM are an important component of the integrated system, increasing SOC and, given the rapid development of on-farm biogas production which may compete with FYM for livestock excreta, it would be prudent to compare the GHG emission benefits of FYM on SOC against the benefits of biogas fuel generation. Less intensive crop rotations might also reduce the incidence of disease and pest infestations and thereby increase yields, reducing emissions in the integrated system. However, the integrated crop production system with the shortest fertility building periods resulted in the lowest emissions, yield increases associated with more extensive rotations are unlikely to significantly alter the conclusions.
An assumption pertaining to this work is that it is important to maintain productivity in the UK, and by implication in the developed world, to safeguard global food security. Alternatively, Lin et al. (2011) suggest that there is capacity in the developing world to meet the growing demand for food even if there were to be a decrease in production in the developed world. Furthermore, Chappell and LaValle (2011) argue that resource inefficiency and environmental and health impacts make conventional farming a luxury we can no longer afford. With the exception of GHG emis-sions, it is outside the scope of this paper to discuss wider environmental and health issues although it should be noted that climate change represents a very significant risk to both biodiversity (IPCC 2002) and human health (WHO 2011) .
The global population is expected to increase by 2 billion by 2050 with almost all that growth in developing countries (UN 2011), the largest growth being expected in Africa. In many of the least developed countries, the majority of which are in sub-Saharan Africa, populations are predicted to double by 2050. The average per capita calorific intake is expected to increase in developing countries (Bruinsma 2009 ), the proportion of meat in the diet of developing countries is also increasing (FAO 2006) and meat typically requires more land than crops on a weight for weight basis (Rosegrant et al. 1999 ). Thus, the demand for food is likely to increase more rapidly than population growth and is likely to more than double in large parts of sub-Saharan Africa by 2050.
Predictions about the ability of developing countries to meet the growing demand for food differ. FAO (2002) states that developing countries will become increasingly dependent on cereal imports between 2015 and 2030, whereas Betru and Kawashima (2010) indicate many, though not all, African countries have the capacity to meet increasing demand for cereals during the same period through increasing production. While most increased production will result from productivity improvements, arable land expansion in developing countries is expected to account for 12% of the increase (120 Mha; Bruinsma 2009) with consequential impact on GHG emissions (Carlton et al. 2010) , although this may be partially offset by reforestation in the developed world. It is generally agreed that, while there is clear potential to improve productivity in developing countries, this will require the appropriate socioeconomic and political conditions (Bruinsma 2009; Betru and Kawashima 2010) . Given the uncertainties about the potential to meet increasing demand for food through productivity increases in developing countries and about the socio-economic and political conditions necessary to underpin those increases in productivity, we consider that it would be imprudent to follow strategies that might reduce agricultural productivity in the developed world and, furthermore, it would be prudent to increase productivity where this can be done with a minimal impact on GHG emissions.
This work supports the argument that intensive agriculture can help mitigate GHG emissions (Burney et al. 2010; Carlton et al. 2010) . Lin et al. (2011) argue that empirical evidence suggests that an increase in deforestation is associated with increasing agricultural intensity. While this may apply in some developing countries, it is more likely to reflect socio-economic factors rather than agronomic ones. In the UK and the European Union, the area under forest has increased since 1990 (when FAO forest area records start) and the area of crop land has decreased since 1961 (FAOSTAT 2012) , indicating that intensive agriculture can be associated with reforestation and a reduction in cropland during a period of increasing production.
This work indicates that a regional approach to GHG emissions management may be most sensible, with reduced tillage used to complement conventional systems in regions where crop production is more intensive, and integrated production used where appropriate if further research confirms a GHG emissions advantage. There is no reason why the systems could not be combined, provided that disease and weed control does not become a limiting factor. Such a combination of systems can help UK agriculture to contribute to global food security not only by decreasing GHG emissions to mitigate climate change but also by increasing crop production to alleviate food insecurity in those regions of the world where crop production is threatened most by both diseases and climate change (Garrett et al. 2006; Stern 2007; Beddington 2010) . Table 7 Inputs used for carbon footprint calculations. In the System column C 0 conventional, RT 0 reduced tillage, O 0 organic and I 0 integrated. Fertiliser and lime inputs for conventional and reduced tillage systems are averages of UK usage data for 2004-8 except oats, peas and beans, other field crops and grass where single year (2008) data are used (DEFRA , 2009a . Under integrated production P and K applications to soils are identical to conventional, lime application rates are identical to organic and N from fertility building is augmented by inorganic N applications to match overall conventional application levels. Pesticide inputs are based on 2008 data for cash crops (Garthwaite 2010a) and 2009 data for grass (Garthwaite 2010b) . Organic system inputs of P, K and lime are based on data from Lampkin et al. (2008) .
Average peak N availability in organic systems is assumed to be 100 kg N ha −1 during cropping based on data from Rayns et al. 2009 . Annual applications of FYM to grass are assumed to add 14 t available N ha −1 (Berry et al. 2002) . As data on the carbon cost of organic pesticides is unavailable it is assumed that organic systems avoid all use of pesticides. It is assumed that no K specific (K 2 O) applications are made to organic systems (i.e. K requirements are met through application of organic manures and weathering of soils). No costs are allocated to sulphur, molluscicides or seed treatments as these account for less than 1 kg CO 2 ha −1 in all cases. No costs are allocated to sulphuric acid as the UK authorisation for agricultural applications was withdrawn in 2010. Operation energy requirements are based on Williams et al. 2006 Inputs (kg ha 
